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Abstract— This work deals with a multi-cell topology based 
on current-source converters based power cells. The main 
disadvantage of this configuration is the bulky DC inductor 
required in each cell which must be designed in order to 
compensate the oscillating power drained by the single-phase 
inverter. In order to avoid the use of a large DC inductor, the use 
of magnetic couplings among DC links of different power cells is 
considered. Additionally, active front end rectifiers are used in 
order to control the DC current and ensure a unitary 
displacement power factor in each power cell. A control scheme 
based on non-linear controllers is proposed in order to control 
each cell in a decoupled way. The topology feasibility is tested 
experimentally, while the control scheme performance is tested 
by simulation, showing that it is possible to obtain an excellent 
overall input current quality and a load voltage with lesser dv/dt 
than the classic multi-cell topology, reducing the requiered DC 
inductor from 400 mH to 30 mH for the studied case. 

Keywords—Current-Source Converters, Cascaded H-Bridge 
based on Current-Source Inverters, Non-linear Control  

I.  INTRODUCTION 
Multicell topologies are widely used in medium-voltage AC 

drives mainly due to the possibility of using semiconductors 
with standard voltage ratings. The cascaded H-Bridge 
multilevel topology consists in single-phase inverters 
connected in a series array in order to obtain a higher load 
voltage. Each inverter is fed by a rectifier stage through a DC 
link. The main advantage of multicell topologies are (i) the use 
of devices with lower voltage rating than the output voltage of 
the converter, (ii) reliability due to the use of a modular 
topology that allows to replace a damaged inverter while the 
others are still operating ,(iii) lower dv/dt than NPC or CFB 
topologies when more than three cells per phase are used and 
(iv) low distortion of the input current due to the use a multi-
step transformer that allows to compensate harmonic currents 
by the magnetic flux cancellation in the core [1],[2]. While its 
main disadvantages are (i) topology complexity and (ii) 
complex and bulky multi-pulse transformer, which must be 
constructed to achieve secondary phase-shifted voltages in 
order to compensate the harmonic currents, especially when a 
diode bridge or a phase-controlled rectifier is used.  

On the other hand, current-source inverters (CSI) are also 
widely used in power drives [3],[4]. Their main advantage are 
the low distortion in the load voltage, the inherent protection 
against short circuits and a similar efficiency with respect to 
VSC topologies if the load voltage control is done by the DC 
current [5]. In order to get a multilevel topology, n CSIs can 
be connected to the load in a parallel array using a common 
capacitive filter and modulated in a appropriate way in order 
to add up their currents and to compensate some harmonics, 
obtaining a resulting current with 2n +1 levels[9]-[14]. This 
kind of topologies allows dividing the load current in n 
inverters, but each inverter must be designed to hold the total 
load voltage. Thus, requiring the use of several 
semiconductors in a series array to form a switch in order to 
increase the blocking voltage and the use of a capacitive filter 
with a voltage rating higher than the load voltage. Another 
option is to connect n inverters in a cascaded array – each one 
with a capacitive filter –, allowing to use devices with 
standard voltage rating to feed a load with a higher voltage. In 
this case, it is necessary the use of single-phase inverters, 
without the possibility to obtain a multilevel current. 
However, the output AC capacitor allows to compensate 
voltage harmonics and to obtain a load voltage with less 
distortion than each output by itself [16]-[20]. On the other 
hand, the oscillating power in the DC link of a power cell 
drained by each inverter can lead to an unwanted oscillation in 
the DC current, which is considered a perturbation. 

This work deals with a multi-cell topology based on current 
source converters in order to reduce the DC inductor size. The 
design of the DC inductor for a non-compensated oscillating 
power is revised and the use of magnetic couplings in the DC 
links to compensate the oscillating power is analyzed. 
Additionally, an appropriate control scheme for an active front 
end cell is proposed, which allows to control the cell output 
voltage through the DC current and to ensure a desired 
displacement power factor in the cell input current. 
Preliminary experimental results show the feasibility of the 
oscillating power compensation, while simulated results 
complement the performance of the proposed control scheme.  
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II. MULTI-CELL CURRENT SOURCE TOPOLOGY 

A. Description of the Multi-Cell Topology 
The proposed topology is build up by 3nC current-source 

based cells where nC cells are connected in a cascaded array in 
order to feed a common phase (Fig. 1a). A capacitive filter is 
required in the AC side of each inverter which provides a low 
impedance path for current harmonics, decreasing the di/dt in 
the load and providing – in combination with the inverter – a 
controlled voltage source which can be connected in a series 
array with other inverters. At the input of the topology a 
transformer with 3nC secondary windings are used to step-
down the cell input voltage – allowing the use of 
semiconductors with low voltage rating – and reducing the 
input current distortion by the magnetic flux cancellation in 
the core. The transformer can be a multi-pulse transformer as 
used in VSC based multicell topologies and can be simplified 
if an active front end rectifier is used. The inverters are fed 
from a controlled rectifier through an inductive DC link that 
behaves as a controlled current source (Fig. 1b). In the AC 
side of each rectifier, a second-order LC filter is required. This 
filter can be implemented using some or all the leakage 
inductance of the transformer secondary. It has a resonance in 
1/(2π√(LC)) Hz  that should be considered when the filter is 
designed [6]. For this work an active front end rectifier is 
used, which allows to regulate the DC link current and to 
control the input displacement power factor of the power cell. 

Each cell can be mathematically modeled considering Fig. 1 
and the work presented in [7]. The resulting equations are: 

abc abc abcd
s dtL= +s s Csv i v , (1) 

abc abc abcd
s dcdtC i= +s Cs ri v s , (2) 

Tabc abc d
dc dc i dcdtL i s i⎡ ⎤ = +⎣ ⎦r Css v , (3) 

d
o l o s odtv R i L i= + . (4) 

The system presented in (1) – (4) is non-linear and coupled. 
The equation that models the DC side is, 

d
i dc o o ldts i C v i= + , (5) 

where si is the inverter switching function and il is the load 
current. In order to get an average model for (1) - (5) the 
switching function can be reduced to its fundamental 
component. Thus, 

( )sin ω α ,i i i i i is m G M t≈ = +  (6) 

abc abc
rG≈r rs m . (7) 

Using these equations, the oscillating power drained by the 
single-phase inverter from the DC link can be characterized 
and a DC inductor can be designed in order to compensate it. 

B. Oscillanting Power and DC Inductor 
The oscillating power drained from the DC link to the 

inverter is given by  
( ) ( )icos cos 2ω 2 ,o o m i mp S t= φ − + α + φ⎡ ⎤⎣ ⎦  (8) 

where So  is the inverter apparent power that can be defined by  
2 2 2o m dc iS Z I M= , (9) 

and where Zm is the equivalent impedance of the load and the 
capacitor filter connected in parallel. The instantaneous power 
waveform drained by the inverter is shown in Fig. 1c, where 
there is a continuous component which is the load active 
power, and an oscillating power whose amplitude is equal to 
So and frequency equal to twice the inverter frequency. The 
continuous component is injected to the DC link by the 
rectifier which is controlled in order to keep the DC current 
level, while the DC inductor provides the oscillating 
component. The oscillating power causes an oscillating DC 
current (Fig. 1d) that can obtained from  
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Considering idc(t1) = Idc and idc(t2) = Idckdc, where if kdc is 
close to 1 there is no variation of the DC current idc, then, 
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the inverter to the DC link; (d) DC current variation by the oscillating power. 
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( )21 24ω 1 ,− ⎡ ⎤π − =⎣ ⎦i dc dc dc oL I k S  (11) 

and  if  (9) is included in order to solve for kdc it is found that,  
2

1.
8ω
π= +m i

dc
i dc

Z M
k

L
 (12) 

This equation shows that the DC current variation decreases 
when the inverter frequency or DC inductor increases. The DC 
current variation due to the oscillating power causes unwanted 
frequency components in the load voltage side and in the input 
current of the power cell. This can produce resonances in the 
LC input filter or the LC equivalent circuit given by the output 
capacitor and the inductive load. A large DC inductor can be 
selected in order to get a kdc close to the unity, but it involves 
an increasing cost, size and I2R losses.  

C. CSC Cells with DC Links Magnetically Coupled  
In order to compensate the oscillating power, three CSC 

cells feeding different load phases and with their DC links 
magnetically coupled are studied (Fig. 2). Considering the 
above, it is possible to mitigate even harmonics with positive 
or negative sequences excited by inverters whose output 
voltages are 120° phase-shifted. Zero sequence currents (6th 
and multiples provided by the load) must be mitigated by the 
DC inductor [18]. 

Neglecting the switching harmonic frequencies, an average 
model can be used in order to analyze the DC links of the 
magnetically coupled cells. Then, the rectifier DC voltage in 
an arbitrary x-th cell, rxv ,can be expressed as  

,
Tabc abc

rx r x xv G ⎡ ⎤= ⎣ ⎦r Cfm v  (13) 

and the inverter DC voltage is defined by 
( ) ( )2 cos cos 2 2 .x lM V

ix l l x lv φ θ α φ= − + +⎡ ⎤⎣ ⎦  (14) 

On the other hand, if the magnetizing inductance and 
resistance are considered high enough, both can be neglected. 
Therefore, the harmonic voltages at the primary and secondary 
of each magnetic coupling are equal. If the magnetic coupling 
between the DC links have identical parameters, thus 

,uw vu wvL L L L= = =  (15) 
where Lxy  is the mutual inductance as shown in Fig. 2. It is 
known that the mutual inductance for a magnetic coupling 
between two identical windings is 

2 ,M k L=  (16) 

where, if the coupling factor k = 1 then L is equal to M for 
each DC link (M = L). Hence, the coupling voltages shown in 
Fig.2, can be written as, 

1 1 0
0 1 1 .
1 0 1

uv vu d
M M dcudt
vw wv d
M M dcvdt
wu uw d
M M dcwdt

v v i
v v M i
v v i

⎡ ⎤ ⎡ ⎤ − ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥= − = −⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥−⎣ ⎦ ⎣ ⎦⎣ ⎦ ⎣ ⎦

 (17) 

From (17) and using KVL for each DC link shown in Fig.2, 
it is possible to write 

,wu uv
ru zu M iu Mv v v v v= − + +  (18) 

,uv vw
rv zv M iv Mv v v v v= − + +  (19) 

,vw wu
rw zw M iw Mv v v v v= − + +  (20) 

where zxv  is the voltage in Zx which includes the DC inductor 
components (inductance Ldcx and resistance Rdcx) and the 
transformer leakage impedance. If the DC link impedances are 
identical, then 

.z zu zv zwv v v v= = =  (21) 
From the previous equations, it is possible to determine that 

the Zx voltage in each coupled cell satisfies 
( ) ( )1

3 ,z ru rv rw iu iv iwv v v v v v v= + + − + +⎡ ⎤⎣ ⎦  (22) 

where using (14), each coupled cell inverter voltage can be 
written as 

( )( )2 1 cos 2θ ,u uM V
iu i lv φ= − +  (23) 

( )( )2
2 31 cos 2θ ,v vM V

iv iv π= − +
 

(24) 

( )( )2
2 31 cos 2θ ,v vM V

iw iv π= − + (25) 

and replacing (23), (24) and (25) in (22) as 

( ) ( )1 1
3 2 ,z ru rv rw u u v v w wv v v v M V M V M V= + + − + +⎡ ⎤⎣ ⎦  (26) 

where the oscillating term in the inverters voltages are 
compensated because they are  120° out of phase. 

III. PROPOSED CONTROL SCHEME 
The control objectives are (i) load voltage regulation and (ii) 

input displacement power factor . The load voltage can be 
regulated through the regulation of each power cell output 
voltage while the displacement power factor can be controlled 
at the input of each power cell. Then, the cell output frequency 
and phase are imposed by the inverter by means of the 
modulating technique, while the output voltage amplitude is 
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Fig. 2  Multi-cell topology with magnetically coupling. 
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set by the DC current level, which is regulated by the rectifier 
stage that also controls the input displacement power factor. 

The proposed control scheme is focused in the decoupled 
control of each cell using input/output linearization as 
described in [8], where both the DC current and the 
displacement power factor are controlled. A master control is 
used to set the references in order to impose the load voltage 
through the DC current and the displacement power factor 
controlled by the power cell input current, Fig. 3. The use of 
non-linear control is justified because the cells are non-linear 
and coupled systems as shown in Section II, and because there 
is a high dependence between the operating point and the DC 
current level that must be set in order to control the cell output 
voltage. 

A state model in the dq frame is needed in order to define 
the control expressions. Then, using the Park transformation 
for (1)-(5), it is obtained, 

si
dq dq dq dq

s s
dL L
dt

= + +s s Crv Wi v  (27) 

dq abc dq
s dc

dC G i
dt

= −s Cs ri v m  (28) 

( )T
sin ω αdq dq

dc dc dc i i i
dG L i i m t
dt

⎡ ⎤ = + +⎣ ⎦r Crm v  (29) 

where 
0 ω
ω 0

s

s

−⎡ ⎤= ⎢ ⎥⎣ ⎦
W  (30) 

Thus, it is possible to define the non-linear control in order 
to regulate the dq components of the cell input current in a 
decoupled way. The DC current and the displacement power 
factor are regulated using the previous controller and their 
references are set in a master loop. 

A. Input cell current control loop 
The input current controller is defined by a PI controller 

that relates an auxiliary variable up
dq and the modulating signal 

such that  

1 dq
dq dq

s dqd
s dt d

dt

D
A

⎡ ⎤⎡ ⎤
⎡ ⎤⎢ ⎥⎢ ⎥= + −⎢ ⎥⎢ ⎥⎢ ⎥
⎣ ⎦⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦

s
s

r s s s s
s

s

x
i

m u F B p
i

p
 (31) 

where 

,
Td q d q

s s Cs Cs dci i v v i⎡ ⎤= ⎣ ⎦sx  (32) 

,
Td q

s sv v⎡ ⎤= ⎣ ⎦sp  (33) 

( ) ,s r dc s sA G i C L=  (34) 

( )
( )

2

2

-ω 1/ 0
0 -ω 1/
0 2ω /

2ω / 0
.0 0

0 2ω /
2ω / 0

1 / 0
0 1/

T

r s s

r s s

s s

s s

s s
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L
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⎢ ⎥
⎢ ⎥−
⎢ ⎥=
⎢ ⎥

−⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

sB  (35) 

2sD k=  (36) 

2 1

2 1

0 0
0 0
k k

k k
− −⎡ ⎤= ⎢ ⎥− −⎣ ⎦sF  (37) 

In order to compensate small parameters differences when 
(31) is computed, an integrator is used to relate up

dq and the 
cell input current references is.ref

dq as is shown in (38). Hence, 
a third order transfer function between is.ref

dq and is
dq is 

obtained and its dynamic is given by k1, k2 and Ti.is, (39). 
Imposing a desired settling time, these parameters are 
calculated with the ITAE criterion as shown in (40)-(42). 

. . .

1 ,
d q
s s

d q
s ref s ref i is

u u
i i T s

= =  (38) 
 

2
3 2

. . . 1 2 2 .

1
/

d q
s s

d q
s ref s ref i is i is

i i k
i i T s k s k s k T

= =
+ + +

 (39) 
 

1 .13.195 ,s ipk t= (40) 

2
2 .122.231 ,s ipk t= (41) 

 

. .0.285i ip s ipT t= (42) 
 

B. DC current control loop 
A master controller over the is

d control loop is used in order 
to regulate the DC current. Performing the power balance in 
the rectifier, it is possible to write that 

2d d q q d
Cs s Cs s dc dc dc dc dc odtv i v i L i i i R p+ = − − −  (43) 

where op  is the continuous component of the inverter power 
as show in (8). This is a convenient way because magnetic 
couplings compensate the oscillating power. Defining the 
auxiliary input idcu  to control idc as  

dqabc

dqabc

dq
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c

. 0q
s refi =

.dc refi

ov iω iα

im
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dq
sv
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.
d
s refi
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abc
rs is
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Fig. 3 Control scheme for each cell 
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d
idc dc dcdtu L i=  (44) 

it is possible to write the reference for the d component of the 
cell input current, is,ref

d , using (43) and (44) such that  
21

. d
Cs

d q q
s ref idc dc dc dc o Cs sv

i u i i R p v i⎡ ⎤= − − −⎣ ⎦  (45) 

The auxiliary input defined in (44) requires the computation 
of (45) and small parameter variations will lead to steady state 
error. Therefore, a PI regulator between the auxiliary input uidc 
and the DC current reference idc.ref’, given by 

.
.

. '
dc

dc

i iidc
p i

dc ref

ku k
i s

= +  (46) 

is added, leading to a second order transfer function between 
idc.ref’ and idc as 

. .
2

. . .'
dc dc

dc dc

i i p idc

dc ref dc p i i i

k k si
i L s k s k

+
=

+ +
 (47) 

A first order filter between idc.ref’ and idc.ref is added to 
compensate the zero in (47) (Fig. 3). Finally, the previous 
block allows a standard second order relation between idc.ref 
and idc. Thus, it is possible to define the PI parameters as a 
function of the desired natural frequency . dco iω  and damping 

ratio 
dciζ  for this loop as 

2
. .dc dci i o i dck L= ω  (48) 

and 

. .2
dc dc dcp i i dc i ik L k= ζ  (49) 

Because the DC link current idc loop is the master loop, it is 
recommendable to set its settling time at least 5 times slower 
than ts.ip. 

C. Displacement Power Factor Control 
This loop basically sets the reference for the inner is.ref

q loop 
for a given power factor reference pfpcc.ref. This reference can 
be set by an external loop if it is desired to compensate the 
reactive power with the MC-CSC or can be set to is.ref

q = 0 in 
order to have unitary displacement power factor in each cell. 
The present work considers the latter case. 

D. Master Output Voltage Control 
The proposed scheme controls the inner state variables of 

each cell in a decoupled way. Over this control a master 
controller can be defined in order to set a desired voltage and 
frequency at the load side. In this case, the DC current 
reference is adjusted instead. 

IV. CASE OF EXAMPLE 
A 110 kVA load fed by six cells was simulated in the PSim 

software with the parameters given in Table I. Each cell is 
supplied by a 550 Vrms and ideal transformers are considered 
to couple the DC sides of three cells in order to provide 
oscillating power compensation. The DC reactor has been 
designed in order to have 55% of 2nd DC current harmonic for 
a 10 Hz output frequency (ωi = 61.4 rad/s) without using 
magnetic couplings among DC link. 

A. Oscillating Power Compensation under Frequency 
Changes 

Fig. 4 shows the proposed topology and control scheme 
performance with an oscillating power compensation by 
means of magnetic couplings with step changes of 10 Hz 
every 100 ms – from 20 Hz in t = 0 ms up to 50 Hz in t = 500 
ms – in the output frequency (Fig. 4b). Thanks to the 
capacitive filter in each inverter, the load voltage has low 
distortion. Additionally, magnetic couplings are able to 
compensate the oscillating power while the DC control loop 
keeps the DC current in the desired level (50 A) with a current 
ripple that is function of the DC inductor in each cell. 
According to (12), to obtain a similar quality for the DC 
current, a 400 mH DC inductor is required, but using the 
magnetic coupling, just a 30 mH DC inductor can be used. 
Because the oscillating power is compensated with the 

Table I - Simulation Parameters 
 

Parameter  Value  
Load Rl 40 Ω 
 Ll 80 mH 
Input Filter Ls 12 mH 
 Cs 55 µF 
DC Inductor (without magnetically 
coupling) Ldc * 400 mH 

DC Inductor (used in simulation) Ldc  30 mH 
Output Capacitor Co 10 µF 
Rectifier Modulating Frequency  1050 Hz 
Inverter Modulating Frequency  1000 Hz 
Settling Time Input Current Controller  7 ms 
DC Current Control . dco iω  125.3 rad/s 

 
dciζ  1  
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Fig. 4 Performance under inverter frequency changes; (a) DC Current, (b) 
output voltage and load voltage, (c) transformer input current. 
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magnetic couplings, the rectifier must inject the continuous 
power component in order to have a transformer input current 
with low distortion (Fig. 4c).  
B. DC Current Control Performance 

In order to evaluate the DC control loop behavior, a step 
change of 10 % is applied at t = 200 ms (Fig. 5a). After this 
change, the load voltage increases its value in 10%. On the 
other hand, the output voltage quality (Fig 5b) is maintened. 

V. EXPERIMENTAL TEST 
A three-cells low-power prototype was implemented. Fig. 6 

shows the performance in open loop for 50 Hz output 
frequency and a 3.5 A DC current. Because the rectifiers are 
modulated in open loop using constant mr

dq, all the oscillating 
power is compensated by the magnetic coupling as can be 
observed in the transformer coupling voltage. Similarly, 
neither 3rd output voltage harmonic nor 2nd current harmonic 
are present. 

VI. CONCLUSIONS 
This work shows the problems due to the oscillating power 

drained by single-phase inverters in a Multi-Cell Current 
Source Topology. To avoid oversizing the DC reactor due to 
the oscillating power, magnetic coupling among three DC 
links that feed diferent load phases is used. The topology can 
achieve a high quality overall supply current – because of the 
harmonic cancellation effect of the multipulse transformer – 
and a high load voltage quality due to the use of capactive 
filter at the cell output. The proposed nonlinear control 
scheme allows each power cell to be controlled in a decoupled 
way. The DC reactor size is reduced significantly without an 
important 2nd harmonic in the DC current. Simulated results 
shows the feasibility of the proposed topology and control, 
which are corroborated with preliminary experimental results. 
For the studied case, a reduction from 400 mH to 30 mH is 
achieve thanks to the use of magnetic couplings. 
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Fig. 6 Key waveform for oscillating power compensation   

6280

Powered by TCPDF (www.tcpdf.org)


